Fig. 14. Simulated HAZ specimens (produced by weld simulator) after creep test at 923 K and at a stress level of 100 MPa.
Introduction
Ferritic steels with Cr ranging from 1-12 wt% and Mo 0.5-1 wt% are extensively used in the present day fossil power plants, which operate typically in the temperature below 873 K. Efforts are under way to increase the steam temperature of the new power plants above 873 K so that CO 2 emissions from these plants can be reduced and efficiency can be improved. 1, 2) However, conventional Cr-Mo steels are not used for temperatures above 873 K as these steels do not possess required creep strength and the oxidation resistance at these temperatures. Hence, new high Cr steels in which Mo is partially or fully replaced by W (P92 and P122) have been developed world wide recently and some of these steels are already in use in some of the modern power plants. 3, 4) Research and development of new alloys are also in progress. 5) With the use of these alloys, it is hoped that the steam temperature can be raised to 923 K or above so that efficiency of the plants can be improved and CO 2 emission can be reduced considerably over the conventional power plants.
Though significant improvements in the high temperature properties of the ferritic steels have been achieved by alloy modification, creep properties of the weld joint have been found to be inferior to that of both the base metal and the weld metal. This is due to the problem of Type IV cracking, fracture in the heat affected zone (HAZ) close to base metal of the weld joint during high temperature service or during a creep test. 6, 7) Intercritical HAZ (ICHAZ) heated to a maximum temperature between Ac1 and Ac 3 7,8) and fine grained HAZ (heated to just above Ac 3 ) 9, 10) are known to be the locations where Type IV cracking occur. Though Type IV cracking is a well known problem in the ferritic steels, its significance is more in the new class of steels, because difference in the rupture strength for the base metal and weld joint seems to be more for these steels than the low Cr steels. 11) Further it is reported that there is significant evidence to indicate that Type IV cracking in advanced alloy steel plant may become a problem at temperatures above 838 K. 12) It has been found that in some of the new generation steels, rupture life for the weld joint is only around 20 % of the base metal for identical conditions of testing. 10) Microstructural changes that take place in the HAZ during welding, subsequent post weld heat treatment (PWHT) and service or creep tests play a major role in promoting this type of cracking.
In the present study, microstructural changes that lead to Type IV cracking in P122 (11Cr-0.5Mo-2WCuVNb) steel HAZ has been systematically studied in the as-welded condition, after post weld heat treatment (PWHT) and after creep test. Studies were conducted also on specimens in which HAZ was simulated by heat treatment or by a weld September 10, 2002 ) In the present study, microstructural changes that lead to Type IV cracking in a high Cr ferritic steel (11Cr-0.5Mo-2WCuVNb) weld joint has been investigated. Microstructure of the heat affected zone (HAZ) of a weld joint made by gas tungsten arc welding (GTAW) process was systematically studied in the as-welded condition, after different post weld heat treatments (PWHT) and after creep test. In addition, HAZ microstructures were simulated both by heat treatment and by using a weld simulator and creep tests were conducted using specimens with simulated HAZ microstructures. Results showed that, undissolved precipitates present in the fine grained HAZ (FGHAZ) and intercritial HAZ (ICHAZ) accelerate the tempering of these zones during PWHT and microstructural deterioration during creep. Creep tests of HAZ simulated specimens indicated that the creep was minimum for the specimens in which peak temperature of simulation was close to Ac 3 . Results also suggested that differences in creep properties observed between an actual weld joint and that of a simulated Ac 3 microstructure could be due to mechanical constraints present in the weld joint in which a narrow zone of lower creep strength (FGHAZ) is sandwiched between zones of higher creep strength (coarse grained HAZ (CGHAZ) and weld metal on one side and base metal on the other side).
simulator.
Experimental Details

Preparation of the Weld Pad
Weld pads were prepared from plates of thickness 27 mm using an automatic gas tungsten arc welding (GTAW) process and a matching filler wire recently developed for welding of this class of steel. 13) Chemical composition of the steel is given in Table 1 and the welding parameters employed are given in Table 2 . Between each weld pass, the joint was cooled to the preheat temperature before depositing the subsequent pass. Thermal cycles experienced during welding at different distances from the fusion boundary were recorded using K-type thermocouples. For this, holes with depth equal to half the thickness of the plates were drilled in the plate surface at known distances from the fusion line. Thermocouples were inserted into these holes and the temperature variation during welding was recorded. In a multi-layer deposit, thermal cycles experienced by the thermocouples would be different for different layers of deposit. However, thermal cycles experienced would be most severe for the layer, which is closet to the tip of the thermocouples. Thermocouple tips are located in the mid-thickness of the plate and the thermal cycles for the to the layer deposited at the mid-thickness of the plate that would record maximum peak temperature can be taken as the most typical for the weld joint. From the thermal cycles obtained at different distances from the fusion line, peak temperature experienced by different zones of HAZ and actual heating and cooling rates experienced by these zones were estimated. Figure 1(a) shows a typical thermal cycle measured and Fig. 1(b) shows the variation of peak temperature with distance from fusion line estimated from these measurements. Output from thermocouples were in the form of emf measured in millivolt, which was later converted into corresponding temperatures and the thermal cycles were plotted to obtain variation of temperature with time for each of the thermocouple as shown in Fig. 1(a) . Further, transformation of austenite to martensite during cooling part of the thermal cycle would also have a minor effect on the cooling curve. Due to these reasons the thermal cycle shown in the figure is as smooth as one would have normally expected. Neither the preheating nor the multipass welding had any effect on the weld thermal cycle recorded. Ac 1 and Ac 3 temperatures reported for this steel 10) along with the locations in HAZ for the corresponding peak temperatures are also shown in Fig. 1 
(b).
Simulation of HAZ Microstructure
HAZ Simulation by Heat Treatment
Microstructure of the different zones of HAZ was simulated by heating the as-received (normalised and tempered) steel plate in a furnace for different peak temperatures. Peak temperature for simulation was varied from 1 123 to 1 473 K to simulate microstructure corresponding to ICHAZ, FGHAZ, coarse grained HAZ (CGHAZ) and that heated below Ac 1 . Schematic of the thermal cycles employed for HAZ siumulation by furnace heating is shown in Fig. 2. 
HAZ Simulation by Weld Simulator
A weld simulator (Gleeble 1500 of Dufffers Scientific Inc.) and specimens of dimensions (14fϫ120 mm were used for simulation of HAZ microstructures. Weld thermal cy- Table 1 . Chemical composition of the steel (mass%). Table 2 . Welding parameters employed for making the weld pad. cles to be given to the specimens to simulate different parts of HAZs were estimated from the actual weld thermal cycles measured during welding. It was found that the thermal cycles experienced by different regions of the HAZ were different. Accordingly, different heating and cooling rates were employed to simulate different parts of HAZ. Figure  3 gives the details of the thermal cycles chosen to simulate the microstructure. The uniform temperature zone corresponding to the peak temperature of simulation at the center was found to be around 10 mm.
Post Weld Heat Treatment
In order to study the effect of PWHT on the HAZ microstructure and creep rupture life, cut pieces from weld joints were given PWHT at 1 013 K for 15, 30, 60, 120, 180 240 and 260 min. All these pieces were cooled in air after heat treatment except the one heat-treated for 260 min, which was furnace-cooled. For specimens with simulated HAZ, PWHT was given based on JSME recommendation of 4 h per 25 mm thickness at 1 013 K. Thus, for specimens with HAZ microstructure simulated by heat treatment, PWHT was carried out for 260 min as the thickness of the specimens was 27 mm. For specimens with HAZ structure simulated by weld simulator, duration of PWHT was only 130 min as the diameter of the specimens used for weld simulation was only 14 mm. All the HAZ simulated specimens were furnace cooled after the PWHT.
Microstructural Examination and Hardness
Measurement Microstructure of the HAZ of the actual weld joint and that of the simulated HAZs, in the as-welded or as-simulated condition, after PWHT and after creep test was examined in a scanning electron microscope (SM300 of Topcon) after etching the specimens with Vilella's reagent. For the weld joint, microhardness profile across the weld joint was taken using a Vickers microhardness tester with 200 g load (1.96 N).
Creep Test
Specimens for creep tests were fabricated in such a way that the weld joint or HAZ simulated by weld simulator was in the center of the specimen as shown in Fig. 4 . Tests were carried out at 923 K for various stress levels and rupture life was determined for weld joints and for specimens with HAZ microstructure simulated either by heat treatment or by a weld simulator. All the creep tests were conducted after PWHT.
Results
Microstructure of the Weld Joint Ruptured in a
Creep Test Microstructures at different locations, near the rupture and away from it, for a weld joint tested at 923 K at stress level of 40 MPa is shown in Figs. 5(a) and 5(b) respectively. Rupture occurred at the FGHAZ close to base metal after 11 270 h. As shown in the Fig 5, most of the creep cavities formed at the interface between large precipitates present in this zone. Microstructure in Fig. 5(b) is from the base metal and a comparison of the both microstructures reveal that the precipitates in the base metal is much smaller and their number is much higher compared to that in the rupture location. Thus it is clear that kinetics of microstructural changes that occur in the fine grained/intercritical HAZ is much faster than in the base metal. Recently, Shinozaki et al. 14) have reported similar microstructural changes and nucleation of creep voids in the FGHAZ of HCM12A weld joint subjected to creep test. Figs. 7 and 8 respectively. HAZ close to the fusion line is characterized by the distribution of large number of very fine precipitates predominantly along the prior austenite and lath boundaries. However, microstructure of the HAZ at 2.0 mm from fusion line, which corresponds to intercrictical HAZ, contains precipitates that are very coarse. These coarse precipitates are present in this zone even after short term PWHT of 15 min.
Microhardness profile across the HAZ in the as-welded condition and after different duration of PWHT is shown in Fig. 9 . A general decrease in the hardness of the HAZ with increase in distance from fusion line could be seen both in the as-welded condition and after PWHT. Minimum hardness (ϳ220Hv 1.96 N ) after PWHT was at the end of the HAZ, around 2.4 mm from the fusion line. This hardness is lower than of the base metal hardness both in the normalised and tempered condition and after the PWHT. It is important to note that this minimum hardness in the HAZ was reached even after the heat treatment of 15 min and there was no subsequent hardness reduction in this zone with increase in duration of PWHT. However, in the rest of the HAZ, hardness is always higher than the base metal hardness and it decreased with increase of PWHT time. After 15 min of heat treatment, maximum reduction in the hardness was observed in the part of the HAZ corresponding to a peak temperature close to Ac 3 (dotted lines in the picture compare the hardness drop near the fusion line and close to Ac 3 ). Thus the results indicate the tempering kinetics is much faster in the ICHAZ and FGHAZ than the coarse grained HAZ, which lie close to the weld metal. ues for joints subjected to short duration PWHTs (15 and 30 min) than those subjected to PWHT for 1 h and above. Examination of the fractured creep specimens revealed that all the specimens exhibited Type IV fracture, with fracture occurring at the end of HAZ without much ductility. Figs. 11(a) and 11(b) respectively. Also shown in the figure are the HAZ microstructures of the actual weld joint at 1.6 mm (Fig 11(c) -corresponding to FGHAZ) and 2.0 mm (Fig. 11(d) -corresponding to ICHAZ) from the fusion line. These are taken from the HAZ produced by the last weld bead and hence they are not affected by subsequent weld deposition. A comparison of the simulated microstructures with that of the actual weld joints indicates that the microstructure simulated by the weld simulator resembles closely to that of the actual weld joint than that is simulated by heat treatment. It appears, in the case of HAZ of actual weld joint, and also that simulated by weld simulator transformations during weld thermal cycle are predominantly confined to prior austenite and lath boundaries while matrix interior remains largely without undergoing any transformation. In contrast, in the case of HAZ simulated by heat treatment, the transformation that takes place appears to be more uniform through out the ferrite matrix.
Variation of Creep
Microstructures of the Simulated Intercrictical HAZ Microstructures of the intercritical HAZ simulated by heat treatment as well as by a weld simulator are shown in
Microstructures of the simulated ICHAZs, produced by heat treatment and weld simulator, after PWHT are given in Fig 12. As expected, structure is characterised by the presence of few large precipitates and absence of lath structure. Further, no significant difference exists between the microstructures simulated by heat treatment and weld simulator after PWHT. A comparison of this structure with that of the ICHAZ in actual weld joint after PWHT (Fig. 8(b) ) shows that after PWHT, simulated HAZ structures are similar to that present in actual joint. Figure 13 shows the variation of rupture time with peak temperature of simulation for the creep tests conducted at 923 K for stress levels of 100 and 120 MPa. For HAZ simulated by weld simulator, only the rupture data correspond- ing to the peak temperatures between Ac 1 and Ac 3 , and slightly above Ac 3 are shown in the figure. Results show that rupture life is low in the temperature range that corresponds to intercritical and fine-grained HAZ and minimum for the peak temperature of simulation close to Ac 3 . Results also show that creep life is higher for the HAZ simulated with the peak temperature of 1 473 K than for the base metal that is not subjected to any heat treatment indicating that the creep strength of the CGHAZ in an actual weld is higher than that of the base metal. As already mentioned, uniform temperature zone simulated by a weld simulator is only around 10 mm and creep specimens were prepared with this zone of uniform microstructure is in the center of the specimens. In the case of specimens simulated with peak temperature of 1 473 K, much higher than Ac 3 (1 193 K), fracture did not occur in the simulated portion of the specimens, but away from the center, at a location that was heated to temperature close to Ac 3 during simulation. Figure 14 shows the location of the fracture along with peak temperature of simulation and rupture time for specimens produced by weld simulator. It may be noted that for the specimen heated to 1 473 K during simulation, fracture occurred at one edge of the gauge length, away from the area of simulation with low ductility. Hence, rupture life for the HAZ with peak temperatures much above Ac 3 could not be determined for these specimens. However, it should be noted that though the fracture seems to have taken place in the fine grained/intercritical zone produced during simulation of peak temperature of 1 473 K at the center, the rupture life is significantly higher than that of the specimens in which fine grained/intercritical zone microstructures were simulated at the center of the specimens (Fig. 14) . Further, both % elongation and reduction in area are very less for this specimen compared to others.
Creep Rupture Properties of Simulated HAZs
Discussion
The results presented above clearly show that microstructural changes that lead to Type IV cracking in the HAZ begin during welding itself. It appears presence of undissolved precipitates in the FGHAZ and ICHAZ in the aswelded condition, facilitates tempering of these zones much faster than the rest of the weld joint. Sharp reduction in the hardness of these zones and fairly large precipitates observed in these zones even after 0.25 h of tempering is a clear indication of tempering of these zones. In addition, variation in PWHT did not have any significant influence on the rupture life of the weld joints and all specimens typically showed Type IV cracking. These indicate that the microstructural changes in the early stages of tempering are substantial and their effect on the creep properties is significant. Major differences observed in the microstructure of FGHAZ from that of the base metal after creep are coarsening of precipitates, fast recovery of dislocations and formation of large subgrains. 10, 15) Recent studies using energy filtered transmission electron microscope (EF-TEM) in a ferritic steel weld joint has shown that the precipitation of Cr-V-N-Nb rich Z-phase occur in this zone at the expense of MX (vanadium and niobium nitrides/carbides) faster than in the weld metal.
16) The initial structure of the FGHAZ seems to accelerate these microstructural changes that occur during creep. Using FEM analysis of a HCM12A weld joint specimen subjected to creep test, it has been shown that equivalent strain at precipitate matrix interface is much higher than in the matrix without precipitate and this strain increases with decrease in grain size of the matrix, increase in the size of the precipitates and increase in the width of the HAZ.
17)
Creep tests conducted on specimens with HAZ microstructure simulated with heat treatment and the weld simulator also confirmed poor creep properties of the fine grained/intercritical HAZ. Though microstructure indicates that weld simulator produces HAZ that matches more closely with that of the actual weld joint than the simulation by heat treatment, creep properties does not seem to vary much between the simulated HAZs produced by these two techniques. Further, it is reported that the rupture life of the weld joint with narrow HAZ is higher than the minimum rupture life obtained for the simulated HAZ and fracture is characterized by low ductility. 10) Mechanical constraints due to the presence of stronger CGHAZ and weld metal on one side and base metal on other side could be the reason for higher rupture life observed in the case of actual weld joint. In this context, it may be noted that, among the specimens in which HAZ was simulated by weld simulator, the specimen with a peak temperature of 1 473 K (typically CGHAZ) was fractured in the fine grained zone of the specimen, outside the simulated HAZ area, with low ductility and high rupture life as observed in the case of weld joint. The microstructural variation along the gauge length of this specimen-a narrow region of fine grained HAZ of lower creep strength sandwitched between CGHAZ and base metal which are of higher creep strength-is similar to that present in the weld joint. This could explain fracture behavior of this specimen, which is similar to that observed in a weld joint. Results from the present study is also in agreement with the results reported after of the FEM simulation of the creep deformation of a HCM12A weld joint which showed that with increase in the width of the FGHAZ, the equivalent strain in the FGHAZ increased. 17) Location of Type IV cracking is in general identified as FG HAZ close to the base metal. However, there is some disagreement with respect to its precise location in this zone: whether it is in the ICHAZ or FGHAZ close to Ac 3 . Though exact identification of location of fracture is difficult in an actual weld joint due to small size of HAZ and different thermal cycles experienced by it during mulitipass welding, minimum hardness observed in the ICHAZ after PWHT is one of the reasons to conclude this as the location of Type IV cracking. Though minimum hardness is obtained in the temperature close to Ac 1 for the measurements conducted at room temperatures, it has been reported that the difference between the hardness of the base metal and that of the ICHAZ disappears at high temperatures. 9, 14) Further, creep tests of the simulated HAZ samples indicate that creep life is the minimum at the temperatures close to Ac 3 and not at temperature close to Ac 1 , which is the location of minimum hardness. 10) In the as-welded condition, the microstructures of both these locations (FGHAZ and ICHAZ close to Ac 3 ) shown in Figs. 11(c) and 11(d)) respectively show presence of undissolved precipitates and after PWHT large precipitates are observed in these zones ( Fig. 7(b) ). Further, these precipitates are preferred sites for nucleation of creep cavities ( Fig. 5(a) ). These evidences support the viewpoint the part of the HAZ heated close Ac 3 could be the location of minimum creep strength. Alternatively, it is argued that the high heating and cooling rate experienced during welding can actually shift the temperature of transformations (Ac 1 and Ac 3 ) to higher than those normally determined with much lower cooling and heating rate. Based on microstructural examination, such a shift in these transformation temperatures of P122 steel has been reported. 18) Subsequently, it has also been shown after this correction for Ac 1 and Ac 3 tempertatures, location of final fracture is well within ICHAZ, not close to Ac 3 .
17) It appears precise identification of the location of Type IV cracking would be difficult and further studies are required in this regard.
Conclusions
The following are the major conclusions derived from the present study (1) Microstructural changes that leads to Type IV cracking are initiated during weld thermal cycle itself.
(2) Tempering kinetics of FGHAZ (including ICHAZ) is so fast that the weld joint is susceptible to Type IV cracking even after 15 min of PWHT.
(3) Though HAZ microstructure is simulated better by a weld simulator than by heat treatment, creep properties of HAZ simulated by both techniques are similar.
(4) Low ductility fracture outside the simulation zone (which corresponds to FGHAZ) for the specimen with a peak temperature of simulation 1 473 K (corresponding to CGHAZ), indicates that the mechanical constraints introduced by the difference in the creep properties of different zones is the cause for low ductility fracture obtained in the actual weld joint.
